Traditional methods of tracing the spread of tuberculosis The most basic method of tracing the spread of tuberculosis is follow up of contacts to see if they develop tuberculosis. Even if disease develops fairly soon after contact with tuberculosis, it is not possible to be certain whether infection was acquired from the suspected source.
Tuberculin sensitivity provides an indication of an individual's exposure to mycobacterial antigens in the past. The test cannot distinguish between exposure to tuberculosis from different sources. Tuberculin positivity can also be induced by exposure to environmental mycobacteria and by previous BCG vaccination. If conversion from a negative to a positive test can be documented, then recent infection is likely and it is possible to be more confident about the source of infection.
The limitations of traditional methods for following transmission of tuberculosis have led to efforts being made to find techniques which provide good strain differentiation allowing chains of transmission of M tuberculosis to be documented.
Mycobacterial strain differentiation Differentiation of mycobacteria to the species level has been possible for many years using classical microbiological techniques to evaluate phenotypic and biochemical characteristics.
Methods of strain differentiation within a species which have most often been used are testing of antibiotic sensitivity patterns and bacteriophage typing. Comparing antibiotic sensitivity patterns of isolates may prove useful in tracing spread of an unusual pattern of resistance. The technique is limited by the relatively low number of different sensitivity patterns possible and by the fact that mycobacterial strains may change their pattern of resistance when exposed to antituberculous drugs.' Bacteriophage typing is hampered by the low number of bacteriophage types identified.2 Plasmid profiling has not proved possible in M tuberculosis because of the low number or absence of plasmids.3 Serotyping cannot differentiate between infection with distinct strains of the M tuberculosis complex. 4 Other techniques for typing mycobacteria have included electrophoresis of cell proteins5 and biochemical heterogeneity.6 These techniques suffer from problems ofreproducibility and low numbers of different types.
Principles of RFLP typing RFLP typing is a technique which enables distinct "fingerprints" to be made which reflect the genetic constitution of the organism being typed. The success of RFLP typing depends on: (1) the existence of multiple copies of identical sections ofDNA (insertion sequences) within the chromosome; (2) an enzyme which will recognise a sequence of base pairs that is unique to the insertion sequence and which will cut the DNA at that point (a restriction endonuclease); and (3) a labelled segment of DNA which is complementary to (and will hybridise to) part of the insertion sequence (a probe).
A standardised method for RFLP typing is now well accepted.7 In this method the insertion sequence (IS6110) is a 1355 base pair segment of DNA. IS6110 differs from two other described insertion sequences, IS986 and IS987, by only a few base pairs and in practice they can be considered to be identical. The restriction endonuclease (PvuII) cleaves at base pair 461 of IS6110. The probe recognises a section of insertion sequence to the right of the base pairs cleaved by PvuII.
RFLP typing by the standard technique involves harvesting of mycobacteria from a cul- 14 It has been shown that RFLP typing, using the IS6110 insertion sequence, can accurately identify strains which are epidemiologically related. The discriminatory power (the ability to distinguish between unrelated strains) of the technique is also of relevance. It is determined by the number of types which can be defined and the relative frequencies of these types. ' IS6110 (a few isolates of M tuberculosis have been reported which have no copy25). Copies of IS6110 appear to insert preferentially in a region of the chromosome which is rich in small segments of DNA which are multiply repeated with only a small amount of DNA between copies (direct repeats).26 Because of this the degree of polymorphism which can be obtained when there are only a few copies of IS6110 is small. This has meant that RFLP typing using IS6 110 alone has been unable to distinguish between some strains which have only one or two copies of IS6 110.25 Additional typing using different insertion sequences, such as the 36-base pair direct repeat (DR) or the polymorphic GC-rich repetitive sequence (PGCRS), has been found to further differ- 25 entiate some of these strains.
Comparison of RFLP banding patterns
The consistency of electrophoresis gels may vary both within and between blocks of gel so that fragments of DNA of the same molecular weight may travel different distances. Internal markers are used which have fragments of known molecular weight against which the movement of the mycobacterial fragments can be standardised. This allows comparison of large numbers of isolates.
Computer software has been used to analyse banding patterns because visual comparison of isolates is difficult when the number of isolates is large. Patterns are standardised with reference to the markers and similarity coefficients between isolates are produced (a similarity coefficient of 1 0 theoretically indicates identical patterns). Dendograms can be constructed which graphically represent the similarity coefficients between isolates, allowing them to be clustered into groups of similar patterns ( fig  3) .2°Visual inspection can then be used to decide which isolates amongst these groups are identical or differ by only one or two bands. In this way, large numbers of RFLP banding patterns can be compared and identical isolates identified. The degree of similarity between isolates can also be calculated.2728
Applications of RFLP typing of M tuberculosis Tracing identical strain types with RFLP typing has been used to demonstrate transmission of tuberculosis in hospital outbreaks,29 35HIV care institutions,3637 shelters for the homeless,3839 prisons404' and in whole communities.'7-'9 The technique has also been used to disprove suspected transmission.42
In population studies the number of isolates which are involved in clusters and the overall degree of similarity between strains has been used to infer the extent of, and risk factors for, active transmission of tuberculosis. '7 18 Comparison of the degree of similarity between strains from different geographical areas has been suggested as a method to elucidate the global epidemiology of tuberculosis.'2 16
The technique has also been used to answer questions about the relative importance of reinfection and relapse of disease, [43] [44] [45] to be associated with the home and were chosen as controls were found to have the same pattern. These two patients were from the same city and had a history of alcohol abuse.
A survey of RFLP strains of tuberculosis isolates from users of homeless shelters in Melbournel' found 18 out of 19 to be identical. This demonstrated that, in this situation, the high rates oftuberculosis amongst the homeless was largely due to active transmission rather than reactivation of old infection.
A total of 227 isolates from newly diagnosed cases of tuberculosis in Australia from the first half of 1991 were also examined. Six of these isolates were found to have the same strain as the homeless men. This prompted an investigation to determine whether these people had any links with homeless shelters. Epidemiological links to the homeless shelters were found in all six (one had stayed in a shelter, one was a kitchen worker in a shelter, two alcoholic men and an elderly man lived near a shelter, and a nurse worked in an emergency room near a large shelter).
COMMUNITY STUDIES OF TUBERCULOSIS TRANSMISSION
Typing of community isolates of tuberculosis have demonstrated identical strains in next door neighbours54 (where the index case was non-compliant with treatment) and in family outbreaks.55 RFLP typing has also been used as a systematic tool to identify unexpected clusters of cases of tuberculosis within defined geographical areas. In many cases the links would not have been identified with conventional contact tracing.
An RFLP study of isolates from 18 noninstitutionalised HIV positive men found that six patients had the same RFLP patterns. Three bars were the only identifiable links between these cases. Two men worked as bartenders and one worked in a restaurant adjoining the bar; the others frequently visited one or more of the bars. 56 A study of 163 patients in Berne'9 found 45 who were potentially linked on the basis of RFLP studies. In the largest group 22 patients were identified with identical RFLP patterns. Within this group there were three subgroups: one consisted ofhomeless persons, drug addicts and alcoholics who were all frequent users of Berne's public support services; the second group centred round a restaurant where a waitress and the owner as well as several regular customers contracted tuberculosis (one regular customer who had a bloodstained cough for six months was a close contact of a member of the cluster associated with homelessness, drug abuse and alcoholism); the third subgroup consisted of two patients who did not fit into the other subgroups.
A survey of strains of tuberculosis in San
Francisco"8 revealed three clusters ofmore than 10 individuals. In the largest of these, 12 of the 30 cases were already known to be as-sociated with an HIV care institution. Specific links could be identified in half ofthe remaining cases. Links included naming another patient as a contact and care on the same hospital ward or clinic. The apparent index case was a 38 year old white man with AIDS who was not compliant with antituberculous treatment and remained sputum smear positive for around six months. The second largest cluster contained 23 patients who were primarily young men born in the United States. Thirteen patients had AIDS and eight were substance abusers. The index case was a 28 year old white HIV-infected transsexual man who was an intravenous drug abuser and a prostitute.
In the third group, the index case was a 36 year old HIV seronegative black alcoholic man who was a frequent user of homeless shelters, detoxification centres, public clinics, and hospitals. He was non-compliant with therapy and had positive sputum smears for nine months. Most of the other patients in this cluster were also black, HIV seronegative alcoholics.
Community studies have used RFLP clustering to estimate the extent of and risk factors for transmission of tuberculosis. A New York study'7 of tuberculosis patients at a major hospital in the Bronx found that 37-5% of isolates fell into 12 clusters with at least two isolates in each. The San Francisco study'8 estimated that around a third of cases in the city were due to recent transmission (as inferred from RFLP clustering). In both studies patients who were older or foreign born were less likely to be in clusters. This suggests that in these groups disease is more likely to be due to reactivation of disease than recent transmission (although foreign born cases may have recently been infected by a person living abroad whose isolate is not available for typing). Both studies found that independent risk factors for transmission were being HIV positive, being young, and being a member of a particular racial or ethnic group. The ethnic groups identified were different in the two studies. The New York study also found that multidrug-resistant isolates were more likely to be clustered and that residence in an area where the average wage was low was a risk factor for recent transmission of tuberculosis.
POPULATION DIFFERENCES IN RFLP PATTERNS OF M TUBERCULOSIS
RFLP diversity is thought to be due to near random mutations involving transpositions, replications, and deletions of insertion sequences. The degree of similarity between RFLP patterns may act as a marker for evolutionary distance between isolates. This aspect of RFLP analysis has been addressed in studies in which isolates from particular geographical regions of the world have been found to have many similarities with other isolates from those areas, but not with strains from geographically distinct areas. This phenomenon has been noted when comparing Dutch strains with African strains,'2 and comparing strains from different regions ofJapan.'6 The degree of similarity between African strains (from Rwanda, the Central African Republic, and Burundi) has been found to be greater than the degree of similarity between Dutch strains.'2 This is explained by the fact that, in countries where tuberculosis is very prevalent, a higher proportion oftuberculosis is due to recent infection than to reactivation.
Other uses of RFLP typing of M tuberculosis RFLP typing of sequential isolates from patients with recurring tuberculosis has demonstrated that in HIV positive patients this recurrence is often not due to reactivation of disease, but to reinfection with a new strain.4445 RFLP typing has been used to confirm suspicions of laboratory cross contamination.46
Two incidents of suspected cross contamination involving six patients were confirmed by finding identical RFLP patterns. Cross contamination occurred in samples which were processed immediately after a heavily positive acid fast bacilli smear. The false positive cultures were positive only in BAC-TEC bottles and yielded no growth on the accompanying Lowenstein-Jensen slants. Information was fed back to clinicians who were able to stop or avoid inappropriate treatment.
Limitations of RFLP typing of M tuberculosis
Although studies in many different areas of the world have demonstrated great heterogeneity of RFLP types, such large scale studies have not been conducted in England and Wales. It is not known whether there are any common community RFLP types in the UK. Until more is known about the distribution of strains, interpretation of findings needs to be cautious.
The following hypothetical example illustrates how care is needed in interpreting results. All isolates of M tuberculosis received in a hospital laboratory during a six month period were typed using RFLP. Of 20 isolates two (from patients A and B) were identical. Patients A and B were HIV positive and had been on the same ward when patient A was receiving pentamidine nebulisers. One month later patient A was diagnosed as having tuberculosis. Patient B was diagnosed three weeks after this. From this evidence it seems likely that patient A infected patient B and that the pentamidine nebuliser may have been instrumental in this event. However, other scenarios could have explained the banding patterns observed, for example:
(1) Patient B was producing mycobacteria at the time of the contact but had very few symptoms so had not been diagnosed. Patient A, who was severely immunocompromised, developed rapidly progressive disease soon after being infected by patient B. The fact that current techniques may take more than two months to determine drug sensi-tivity patterns has been a major problem in the management of multidrug-resistant tuberculosis, particularly in the United States. By the time drug sensitivities are known the patient may have died from the disease and is likely to have remained highly infectious during his illness. Knowing that a patient's isolate had the same RFLP banding pattern as another patient with multidrug-resistant tuberculosis would allow effective chemotherapy to be started much sooner, improving chances of survival and substantially decreasing the period of infectivity. Culture followed by RFLP typing is already faster than culture followed by sensitivity testing. PCR-based RFLP typing should provide much faster answers in the future. A national system of RFLP typing, concentrating on patients thought to be at high risk of drug resistant tuberculosis, has recently been proposed.65 66 RFLP studies have provided evidence for transmission of tuberculosis in situations where spread would previously have been thought unlikely, such as in restaurants and bars. The vulnerability of HIV positive people to tuberculosis has been demonstrated and this raises questions as to how extensive contact tracing should be in groups with a high incidence of HIV. RFLP typing studies have emphasised the importance of schemes to improve compliance (such as directly observed chemotherapy) by demonstrating how many people can be infected by a non-compliant patient. Groups where transmission of tuberculosis is common have been identified using RFLP typing. Such groups could be targeted for public health interventions.
Conclusions
RFLP typing of M tuberculosis has been demonstrated to be a useful epidemiological tool and is likely to have increasing influence on clinical practice. Its main drawbacks are the delay in producing results (due mainly to the delay in culturing the organism) and the moderate expense. At a local level the technique may be used to confirm suspected outbreaks and identify previously unsuspected incidents of transmission. Future developments of the technique may allow early recognition of multidrug-resistant tuberculosis. Large scale studies can identify groups and situations in which active transmission occurs and allow estimates of the extent of the problem to be made. Surveillance of RFLP types has the potential to identify outbreaks of tuberculosis allowing control measures to be implemented. We are still some way from using RFLP typing routinely in the UK, but the technique is likely to become increasingly widely used and has the potential to strongly influence tuberculosis control policy in hospitals and at district and national levels.
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